Abstract.-Evans blue has been demonstrated to promote the autolysis of a-chymotrypsin at low dye-to-protein ratios in alkaline solution. This effect has been attributed to the stabilization of less tightly folded conformers of the protein by the dye. The effect is specific. Of 20 other strongly acidic dyes tested, only trypan red showed activity comparable to that of Evans blue. A general discussion of the influence of ligand binding on the stability of proteins is presented.
Materials and Meods. -Crystalline a-chymotrypsin, lot CDI-7KD, was obtained from Worthington Biochemical Corp. This preparation contained 99% active enzyme, as determined by titration with N-trans-cinnamoylimidazole.1 Evans blue was obtained from Matheson, Coleman and Bell, and purified by chromatography on alumina by the method of Leeson and Reeve.2 The other dyes used in this study are listed in Table 1 and were obtained from the following sources: 3, 10, 12, 14, 16, and 18, from Matheson, Coleman and Bell; 2, 9, 19, and 20 , from Aldrich Chemical Co.; 5, 8, 13 , and 17, from K and K Laboratories, Inc.; 11, from Eastman Organic Chemicals. Dyes 4, 6, 7, and 15 were a gift of American Hoechst Corp.
Determination of esterase activity: The rate of hydrolysis of N-acetyl-Ltyrosine ethyl ester by a-chymotrypsin was determined with a Radiometer model TTTIc pH-stat equipped with a type PHA630T scale expander and a thermostated reaction vessel. The titrations were performed at a substrate concentration of 0.005 J1 in 0.1 M CaC12 at pH 8.0 and 25°with 0.02 N NaOH as titrating agent.
Results.-Addition of a-chymotrypsin to solutions of Evans blue (10-5 to 10-4 M) at pH 8, resulted in a large decrease in the absorption intensity of the dye in the 600 m/s region, the maximum difference being at about 620 m/A. Examination of the spectra over a wide range of protein-to-dye ratios indicated that the interaction of the dye with the protein took place at a number of sites of similar affinity, and the concentration dependence of the spectral change gave indications of cooperativity between dye-binding sites. In view of the complexity of the spectral changes, no attempt was made to interpret these in a quantitative manner. Equilibrium dialysis of mixtures of Evans blue and a-chymotrypsin could not be carried out, since the dye interacted strongly with dialysis tubing and did not pass through it. Likewise, very strong binding of Evans blue to Sephadex and polyacrylamide gels prevented the measurement of binding by column techniques. From the spectral data, the dissociation constants for the protein-todye complexes were estimated to be in the range of 10-5 to 10-4 M. Identical spectral shifts were obtained with a-chymotrypsin and with the inactive derivative phenylmethanesulfonyl-chymotrypsin, indicating that modification of the active site of the enzyme did not influence the binding of the dye. In accord with this, the initial activity of chymotrypsin toward N-acetyl-i-tyrosine ethyl ester (0.005 M) at pH 8 and 250 was essentially unaltered in the presence of 8 X 10-5 M Evans blue.
However, on incubation with Evans blue at pH 8 at 250, or higher temperatures, a loss of esteratic activity was observed. The rate of loss of activity was dependent on the temperature and on the dye-to-protein ratio and increased sharply with increase in either of these parameters. The studies presented here were performed in 0.1 Ml Tris-0.02 M CaCl2 buffer at pH 8 and 300. Under these conditions, in absence of dye, less than 2 per cent of the esteratic activity was lost over a period of five hours. At higher pH values, or temperatures, the loss of activity presumably due to autolysis, was more pronounced, qualitatively similar results were obtained in presence and absence of Ca++. The enhancement in the rate of autolysis produced by the dye did not appear to be due to promotion of self-association of the protein in presence of the dye. Doubling the protein concentration at constant protein-to-dye ratio had little effect on the initial rate of loss of activity.
Autolysis of chymotrypsin in presence of Evans blu,: The time dependence of this phenomenon is shown in Figure 1 , and the dependence of the rate of loss of activity on dye concentration is illustrated in Figure 2 .
Several experiments were performed to resolve whether the loss in esteratic activity in presence of Evans blue was due to autolysis or to the formation of an inactive protein-dye complex which dissociated very slowly on dilution.
Comparison of gel filtration patterns of mixtures of chymotrypsin and Evans blue which had been maintained at 30 and 40, respectively, showed that the loss of activity of the mixture incubated at 300 was paralleled by the appearance of low molecular weight materials (see Fig. 2 for elution profiles and experimental conditions). The mixture incubated at 40 showed no loss in activity and an elution profile identical to that obtained with a fresh solution of chymotrypsin not exposed to dye. Evans blue was adsorbed strongly to the top few centimeters of the Sephadex column. Use was made of the observation that Evans blue adsorbed very strongly to trichloroacetic acid-precipitated chymotrypsin, to show that mixtures of protein and dye which had been incubated at 30°until more than 99 per cent of the esteratic activity had been lost no longer possessed detectable amounts of precipitable protein. Further, loss of esteratic activity in the enzyme-dye incubation mixtures was paralleled by appearance of ninhydrin-positive material and decrease in the chymotrypsin peak in the ultracentrifuge.
All of these experiments indicate that the loss of activity in presence of the dye could be attributed to autolysis. Kinetic measurements on the activity of diluted aliquots of protein-dye incubation mixtures showed no evidence of slowly dissociating inactive complexes, Effect of other dyes: Of the 20 strongly acidic dyes tested (Table 1) , only Evans blue and trypan red promoted the autolysis of a-chymotrypsin under the conditions chosen here. It is striking that the closely related dye, trypan blue, was essentially inactive (Fig. 1) -a-Chymotrypsin (1.72 X 10-6 M) was incubated with varying amounts of purified Evans blue in 0.1 M Tris-0.02 M CaCl2 at pH 8 and 300. The esteratic activity of the mixtures was assayed after 240 min incubation. Inset, a-chymotrypsin (1.8 X 10-6 M) was incubated with Evans blue (1.75 X 10-4 M) at pH 8 and 300 for 280 min. At the end of this time, the incubated enzyme retained only 16.6% esteratic activity. An identical proteindye mixture, maintained at 40 for the same period, retained 100% esteratic activity. Each mixture was applied to a Sephadex G-25 column (24 X 0.9 cm), equilibrated with 0.1 M Tris-0.02 M CaCi2 at pH 8 and 220, and eluted with the same buffer. Curve 1, mixture incubated at 40; curve 2, mixture incubated at 300. these proteins. However, no promotion of the autolysis of Novo or Carlsberg subtilisin, or, of papain (in presence of 2,3-dimercaptopropanol), by Evans blue, was observed. It is noteworthy that, like trypsin and chymotrypsin, the subtilisins and papain are basic proteins.
Discussion.-The results presented here lead to the conclusion that the binding of Evans blue, at a small number of sites on the chymotrypsin molecule, leads to a significant increase in the susceptibility of this enzyme to autodigestion. Of 20 acidic dyes examined, only trypan red produced an effect similar to that of Evans The results obtained with Evans blue may be most readily accounted for on the assumption that the dye interacts most strongly with the least tightly folded conformers of chymotrypsin. In consequence, the dye would increase the population of conformers which would most readily undergo autolysis.
The literature abounds with examples of stabilization of native proteins against proteolysis and denaturation by substrates, cofactors, metal ions, etc. On the basis of the apparent complete generality of this phenomenon, Markus4 has recently proposed that "the over-all susceptibility of protein substrates for proteolysis should depend on their ability to assume a variety of conformation states. It follows then, that restriction of the number of possible conformation states should decrease the digestibility of protein substrates. Such restriction can be expected when small molecular ligands are allowed to interact with proteins, since this interaction, if sufficiently tight, will lend relative stability to the equilibrium forms best suited for binding of the particular ligand and will consequently decrease the rate of proteolysis."
The observations on the Evans blue chymotrypsin complex run counter to the predictions of such a hypothesis. Nor is this a unique case; the results of Citri and Zyk5 on the noncatalytic interactions of penicillinase with certain penicillin analogs clearly demonstrated that these dramatically increased the susceptibility of the enzyme to attack by a wide variety of proteases. Grisolia6 has listed a number of similar cases. As discussed below, the overwhelming number of cases of stabilization against proteolysis by ligands may be the result of the nonrandom selection of ligands.
In general, stabilization of proteins against denaturation and proteolysis has been shown by the following classes of ligands: substrates, cofactors, inhibitors, and haptens (in the case of specific antibodies), and certain ions. These ligands, with the exception of the last category, bind to the active sites of enzymes or the binding sites of antibodies. Bernhard and Rossi7 have recently pointed out that X-ray crystallographic studies on a variety of enzymes "reveal a common geometrical pattern: a close-packed folded polypeptide containing a single cavity (the active site region). This 'empty' cavity, in addition to providing accessibility to substrate, can give rise to an instability owing to the general accessibility to denaturants." On the basis of this argument, stabilization of enzymes by substrates, coenzymes, and inhibitors is due to the total or partial filling of this cavity by these ligands. A similar argument could be extended to the binding of haptens by antibodies. Since the active sites of enzymes and the binding sites of antibodies result from the bringing together in one region of distant segments of the polypeptide chain(s), the ligand, binding at such sites, may be viewed in addi-tion as a cross-linking agent which restricts the motility of such segments. Such restriction in motility may be transmitted to regions distant from the active site. The arguments regarding stabilization against proteolysis are identical to those relating to denaturation. Stabilization by ions is a complex phenomenon, since ions frequently interact with proteins at many sites. Where specific interaction with the active site is excluded, the ion may be perhaps best viewed as stabilizing the structure by cross-linking charged groups on the surface of the protein; clearly this argument is speculative.
The above considerations suggest that, for interactions at sites other than the active site, stabilization by ligands should not be the rule. Since the initial interaction of Evans blue with chymotrypsin does not involve inactivation of the enzyme, it is clear that the binding sites are distinct from the active site region. The observed promotion of autolysis of chymotrypsin resulting from this interaction supports the above suggestion.
Further studies of the effect of protein-small molecule interactions, at sites other than the active site region, on the stability of proteins to denaturation and proteolysis should prove interesting.
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